Introduction
The acoustic quality assessment is a general problem that affects quite all cities, where human activities, such as industries, business and commercial centres, represent the heart of the urban context. The present research focuses on the use of an Index for the definition of the Acoustic Environmental Quality. The Acoustic Quality Index (AQI) was already described and used in previous researches. In this case, it is applied on a residential area characterised by moderate traffic noise and 4-6 floors buildings with a regular rectangular layout. The noise level data have been calculated by simulation and validated by experimental measurements. The results in terms of AQI have been compared with the ones obtained by a subjective investigation developed for this aim in the area. From the comparison, the need of a more suitable definition of the AQI has lead to the proposal for modifying the noise level ranges previously considered.
State of the art
Generally, the external environment is affected by the influence of different physical phenomena that can be considered as "pollution generators" and/or "comfort performers".
Their effects are usually evaluated separately, even if an integrated assessment could be a more powerful mean to improve the environmental quality globally. Air pollution, noise pollution, that have a direct impact on the health, and also other elements like the ones considered directly or indirectly in the Indoor Environmental Quality (IEQ) assessment, should be considered part of the global assessment of the Outdoor Environmental Quality (OEQ) (i.e. temperature, relative humidity, solar radiation, noise, air quality).
While the Indoor Comfort (related only to the thermal environment) and the Indoor Environmental Comfort (related to thermal, acoustic and lighting aspects) have been subject of technical standards in the past, referring respectively to the international standard EN ISO 7730 [1] , and to EN ISO 15251 [2] , the Outdoor Environmental Confort did not have the same attention at the standardisation level and actually there aren't rules or indications aiming to quantify a global quality level.
The noise pollution and air quality levels outside are monitored and limited by national laws, finalised to guarantee public health, and there are not guidelines that indicate quality levels, or that combine their effects, with the aim of reaching optimal targets. Some considerations on this field of investigation were presented more than twenty years ago, referring to "winter cities" (planned to offer comfortable climatic conditions also in winter), to put the attention on improving the outdoor comfort of northern inhabitants in the cold season, to avoid isolation, and to render everyday life less stressful [3] .
A two years research, aiming at quantifying how urbanistic and environmental features globally affect people's perception of their physical and psychical health, was financed by the Italian National Ministry of the University in 2004. The most important parameters, both regarding the urban landscape and the environment (hygrothermal, noise, environmental pollution and traffic data), were considered to build global indexes of urban and environmental quality. Part of the results, focused on the acoustic quality and its evaluation by means of indicators and an acoustic index, represent the starting point of the research developed successively by the authors [4] [5] [6] .
Studies on outdoor comfort generally focus separately on the thermal comfort, and the acoustic and visual quality. In some cases, referring for example to outdoor events, an integrated approach could be useful, to allow a smart global design, such as the temporary simple and low cost solutions to improve the outdoor comfort, proposed in [7] .
In the last years, several analyses have taken into account this integration, as indicated in [8] , agreeing on the need to study both objective and subjective indicators, to evaluate the so called "Quality of Life". Its complex definition is based on the evaluation of many parameters that consider environmental conditions, urban layout, social aspects, health, etc. For example, focusing on only one aspect, the outdoor thermal comfort, a research (financed by the Cost Action 730) proposed the "Universal Thermal Climate Index" that takes into account climatic data such as air temperature, mean radiant temperature, wind speed, water vapour pressure [9, 10] .
Some attempts to combine elements, with the aim of obtaining an index related to the environmental noise, take into account different aspects to quantify the outdoor acoustic comfort. Among them, the proposal of the Acoustic Quality Index (AQI), defined by weighted indicators related to the urban noise levels, to the population exposed to traffic noise, and to the vehicles per hour on the roads, represents a step towards a wider methodological approach to the Environmental Quality Assessment [11] . In this case the acoustic indicator was calculated by means of the number of points in which the noise level fell into one of four ranges indicated by the European Commission for the realisation of strategic acoustic maps (END, European Noise Directive 2002/49/CE [12] ). The population indicator was referred to the estimated population exposed to noise subdivided in ranges suggested by previous experiences. This range criterion was applied also for the traffic indicator, referred to the number of vehicles per hour passing through the roads of the examined area. In a successive research step, some subjective investigations were performed to assess the acoustic index, and an application to an urban area was considered [13] . A wider campaign for the methodology assessment was planned, to validate the considered ranges and weighting factors.
Another research in this field proposed to combine the environmental aspects related to air pollution and noise, by means of the City Noise-Air index [14] . This Index is derived from the weighted linear combination of cityNoise and cityAir normalised indexes. The City Noise-Air model is based on both long-term noise levels and long-term air pollutant concentrations, either measured or derived from mathematical simulation models.
A sigmoidal function was adopted for the standardisation (the same function has been adopted in the present research), with the noise control points (reference values to indicate the maximum-minimum quality levels) represented by the maximum value of the annoyance indicator L den = 55 dB(A), and the minimum value of the sleep indicator equal to 45 dB(A).
The approach, developed to take into account noise and air pollution, could be extended to an overall assessment, considering also climatic data, with the same procedure proposed in [15] , for obtaining the global assessment of the Outdoor Environmental Quality (OEQ). In this case, a "City-Noise" modified index was examined, by using the results of the previous researches and of a survey regarding people feeling about noise, based on the indications given by ISO/TS15666:2003: the range of L den , considered here, was different than the one originally assumed for the calculation of the City Noise-Air Index, varying from 55 (minimum) to 70 dB(A) (maximum).
The results contribute to perform a network of indexes, aimed to the control and the improvement of environmental quality, validated by means of the subjective feeling.
To support the theoretical approach and to verify the efficacy of the methodology, the contribution to the quality assessment offered by the subjective perception of the environment is a fundamental element. Studies regarding noise mapping methodologies, for a more complete description of urban areas, highlight this need [16] . After measurements, simulation, and in situ observations, interviews are needed for the editing of quantitative and qualitative maps that give the authorities sound environment guidelines. The possibility to propose Noise Action Plans based on these criteria is considered suitable to support the enhancing quality of urban areas, and to create attractive sound dimensions, in order to promote pleasant soundscapes.
The subjective evaluation, in the field of the environmental noise, is a useful mean for the analyses validation, as the annoyance level varies depending on the kind of source. For example, the best sounds to mask the traffic noise and to enhance the urban soundscape have been investigated by means of field surveys. The effects of water sounds were found the most pleasant, by means of the analysis of the noise levels related to the percentage of annoyed people [17] A comprehensive evaluation of all the environmental aspects, supported also by subjective judgment, is complex, as some of them are subjected to limitations by national laws, or to particular attention at international level, while other ones are considered mainly useful for indoor spaces, even if they could be evaluated also outdoors. Moreover, questionnaire survey becomes complex if related to a wide variety of aspects. Their evaluation is performed sometime by means of quantitative/qualitative indicators.
Therefore, the main purpose of the research is to support the methodological approach for the Environmental Quality Assessment by means of Indicators and Indexes, and it is developed by comparing the results of the AQI calculation with a subjective survey.
The AQI already defined in [15] has been calculated for an urban area chosen as case study, by means of the simulated noise field, calculated with Soundplan software, and validated with on-site measurements. The AQI values of two roads have been calculated. A subjective survey on the acoustic quality of the area has been used to validate the result. The results analysis has highlighted the need to find a more appropriate AQI calculation: an improvement proposal of the methodology used to calculate the Acoustic Quality Index has been presented.
The calculation methodology
The Acoustic Quality Index (AQI) is built to evaluate the noise pollution levels in urban areas, taking into account the contribution of environmental noise, road traffic and population density. It is calculated by means of a noise indicator (AI), a traffic indicator (TI) and a population indicator (PI). The scale of the indicators varies from 0 (lowest quality) to 100 (best quality).
The method used for the calculation of indicators and indices, presented in [11] and improved in [15] , is here briefly summarised. As the methodology used for the definition of the City Noise-Air Index [14] was found suitable for the approach here presented, the Indicators have been calculated, following the same approach and expressions considered previously for that Index.
The Acoustic Indicator is expressed by the following equation 1 and its trend is indicated in Figure 1 :
where: N is the number of measurement points, L den,i is the noise level calculated in each i-point, L min and Lmax are respectively the minimum and maximum values of the range. Previous analyses [15] have highlighted the opportunity of assuming the range width corresponding to the noise zoning limits, defined from municipalities according to the national laws on the acoustic classification. In this case, the lowest value of L den corresponds to the one indicated in the END (Annex VI, [12] ), for the data to be sent to the Commission, referred to the estimated number of people exposed to noise. However, the highest value of L den has been considered equal to 70dB, lower than the upper limit of the range indicated in the END (75 dB, Annex VI), following the results of previous researches.
Similarly, the methodology has been applied to calculate the Population Indicator PI and the Traffic Indicator TI, by means of the following expression (2) that defines generally the Indicator I:
where:
x is the mean value of the parameter representing the population density (population / 100m road length), or the traffic intensity (vehicles / hour) in each road; x min and xmax are respectively the minimum and maximum values of the whole domain. For the population, the minimum level can be set to x min = 5 units/100m, while the maximum level was set corresponding to the maximum value of the whole area. For the traffic, the minimum and maximum traffic levels were defined on the basis of previous experiences related to a mid-size town. The trends of the PI and the TI, related to the ranges considered in the case study, are represented in After obtaining the Indicators, the Index (AQI) can be estimated with the following Expr. 3, by assigning the relative weights shown in Table 1 . A global classification of the AQI values, corresponding to qualitative judgments, is proposed in Table 2 . 
Assessment procedure
The procedure to calculate the AQI can be outlined by the following steps (summarized in the flowchart shown in Figure 3 ): 
Case study
To satisfy the purposes of the research, an urban area with suitable characteristics has been chosen both for the validation of the methodology by means of the subjective survey, and to compare the results with the ones obtained in previous researches. The local factors that influence directly or indirectly the noise levels in an urban area can be represented mainly by: -building shape, height, surface characteristics; -building layout and density; -green areas and absorbing surfaces.
These elements depend on the historic-social-cultural context that has influenced the urban expansion and therefore they have been taken into account for the case study selection. An urban area of the town of Pavia, where some experimental measurements were available to validate the simulation model and where a subjective survey was conducted, has been chosen as representative of a typical residential building grid of a middle size Italian town.
The town center of Pavia maintains a "castrum" structure, with high-density buildings, not too high (4-6 floors), some of them with high historic value, brick and mortar façades, road pavements with stone blocks. The external residential areas are less concentrate, with green areas, wide spaces; their layout is regular or uniformly distributed only in some zones (Figure 4) .
A rectangular area has been chosen in the North-East residential district of Pavia, with a surface of 245.000 m 2 , delimited by four roads (Figure 4) , perpendicular each other. The short sides (≈ 350 m) correspond to Strada della Paiola and Viale Lodi, and the longer ones (≈ 700 m) are represented by Via Pastrengo and Via Solferino. The typical building typology of the area is multifamily 'isolated house', that is, a non-aggregated residential unit, including a private garden. The buildings, mainly made of reinforced concrete, follow the standards of residential districts, with heights varying from one floor up to a maximum of six floors and with the presence of windows and balconies on almost all facades ( Figure 5 ). The building features are typical of 50s / 60s years, in relation to the economic boom that produced building constructions increasing and renovation in Italy, and especially in the areas of expansion of the cities.
The noise can be attributed mainly to vehicular traffic in roads with an average width equal to 14 m. There are connecting roads between different districts (higher vehicular transit) and transit roads, mainly used by residents for access to homes (lower vehicular transit).
Calculations -Objective and subjective results
The evaluation of the Acoustic Indicator is based on the data obtained by the noise simulation, performed with the Sound-Plan software that uses all the standards defined by 2002/49/EC for noise calculation. The noise field simulation was preceded by data collection on the urban area and measurements for the model calibration.
Receivers have been located along the roads, at 1.5 m height from the ground and at a level corresponding to 1.5 m height from each building floor, at a distance of 0.5 m from the façades. The grid of calculation points has a resolution of 3 meters. For each calculation point, the acoustic parameters (L den , L day ) have been simulated. The whole number of receivers was 5636.
The simulation results, validated by means of some on-site measurements, are represented in Figure 6 . Higher noise levels correspond to the area limiting streets and to the central main road. In the other areas, the noise is reduced by the barrier effects produced by the buildings themselves. The noise distribution on the façades is represented in Figure 7 . The evaluation of the Traffic Indicator is based on the road lines dataset (the traffic flow data is assigned to each road line), expressed by the number of vehicles per hour.
The evaluation of the Population Indicator is based on the number of inhabitants assigned to each residential building and it is quantified as the population exposed to the noise for each 100 m of road length.
Finally, from the three Indicators values, the AQI has been calculated, referring to the data of the two roads indicated in Figure 8 , characterised by similar length and width (approximatively 14 m), two lanes for each way, limited commercial activities, variable buildings heights (from one to five/six floors). In Strada della Paiola, buildings are located close to the road, while in Viale Lodi there are parking areas and private green areas.
The Acoustic Indicator has been calculated for the whole district, to obtain a value more representative for the area. It is influenced mostly by local traffic and it is characterised by the absence of commercial/industrial activities. The other indicators represent specifically the conditions of the two roads, and they allow to put in evidence if the AQI can highlight significant differences in the same district. The values of the three Indicators, calculated by means of the Expr. 1 and 2, and the AQI, calculated by means of the Expr. 3, are indicated in Table 3 .
The Acoustic Indicator values demonstrate the good conditions that characterise the whole area, with generally low noise levels. The mean values of the noise levels are below 55 dB that corresponds to the maximum value of the Acoustic Indicator AI=100. The Traffic Indicator assumes two different values for Strada della Paiola and for Viale Lodi, corresponding to a mean value of 340 and 500 veichles/h, respectively. The Population Indicator, referred to the ranges previously indicated (mimimum level corresponding to 5 units/100m, and maximum level corre- sponding to the maximum value of the whole area), gives different values for the two roads (respectively related to 40 pop/100m and 37 pop/100m). Considering the weighting factors that have been applied for the Index calculation (Table 1) , AQI is equal to 79.9 for Strada della Paiola, and equal to 75.4 for Viale Lodi. Referring to the AQI classification (Table 2) , the global score corresponds to a "Good" level. 
Subjective investigation
The methodology described to calculate the AQI is based on studies and researches that tested some of the results obtained both for the Acoustic Indicator and for the Acoustic Quality Index. However, a deeper assessment of the method needs more experiments and the support of subjective surveys. Therefore, in this research, the results obtained for the AQI have been compared with the results of a questionnaire distributed in the case-study area.
The questionnaire was structured to focus the attention on the following three aspects, by means of an evaluation scale ranging from 0 (lowest/negative) to 10 (highest/positive) values (see Appendix I): The question is focused on the feeling about the noise associated to different sources such as scooters, motorcycles, vehicles, buses, trucks, trains, urban activities, and warning signals.
Typical noise sources

Noise duration
The question is related to the perception of sounds and noise, and on their duration, considering sources like traffic, voices, steps, birds, water or wind.
Environmental evaluation
The question regards a global opinion on the environment, focusing on the noise aspects. After a preliminar attention on some aspects of the environmental noise, each person can express a more appropriate judgment on the whole subject of the investigation.
The first two aspects are useful to confirm information found about the noise sources in the area, while the third aspect is the one that allows to obtain useful indications to validate the AQI. The proposed classification of the subjective rating is indicated in Table 4 , corresponding to the one indicated for the AQI (Table 2 ).
Comparison between AQI calculation results and subjective survey
The survey has been intended to help validating the application of the methodology, and confirming, or not, the choiches made about ranges and weighting factors. The collected questionnaires correspond quite to the 3% of the population of the area. The sample people was quite homogeneous (university students, 20 to 23 years old, not living necessarily in the analysed area), and it was trained before the investigation, to understand the meaning of the questions and the aim of the campaign. This approach should guarantee the absence of different influences such as the social context, the annoyance due to other elements, the health desease, or different interpretation of the meaning of the questions. The answers were registered in a period of five days, in autumn, characterised by good weather conditions (absence of rain and wind).
Relating to the first aspect (typical noise sources), the answers indicate that the main noise sources in the area are represented by veichles; other sources vary their influence depending on the time of the day. The second aspect (noise duration) puts in evidence the traffic noise, and also the perception of sounds represented mainly by steps and voices. For both the roads, the survey has given a global judgment (result of the third aspect considered in the questionnaire) that corresponds to "Fairly good" in the scale indicated in Table 4 (mean values between 5 and 6). The AQI, calculated with the described methodology, assumes the values indicated in Table 3 , ranging from 75.4 to 79.9 that fall in the range of "Good", referred to the qualitative scale indicated in Table 2 .
The results justify a supplementary investigation on the choiches made to calculate the Indicators:
1. from a sensitivity analisis of the PI and TI, the choice of the upper and lower limits of each range seems to influence slightly the results; 2. the AI results are subdued to more relevant variations by choosing wider limits of the noise level range. They were fixed referring to the END (lower limit) and to previous researches (upper limit), however, they could be extended to take into account a wider range of noise levels. In particular, the lower value seems to be too high to represent the best Acoustic Quality.
Therefore, the further step of the research is represented by the proposal to reduce the lower value of the noise levels range and to fix it equal to 35 dB that appears more representative of quiet areas.
The new proposed range of the Acoustic Indicator is represented in Figure 9 , where the x-axis indicates L den values from 35 dB to 70 dB. The green line represents the AI values calculated referring to this new limit: it is compared with the blue line that corresponds to the previous considered range, indicated in Figure 1 .
In Table 5 the AI and the AQI, presented in Table 3 , are recalculated with the proposed new lower limit.
The use of a wider range for calculating the Acoustic Indicator seems to be more appropriate: the AQI reduction in both the roads makes possible to obtain a qualitative judgment (Table 2) corresponding to "Fairly good" that it is the same obtained by the subjective investigation.
The support of the subjective survey has been essential to help a more suitable methodology application. 
Conclusions
The use of an Index that takes into account elements regarding the environmental noise allows to evaluate the quality level of urban areas related to this aspect. The applied methodology is the result of several researches, developed in the last years and subdued to modifications and upgrades, on the basis of the application to different urban areas.
The AQI (Acoustic Quality Index) has been formulated by means of three Indicators: Acoustic, Traffic, and Population Indicator. The procedure has been outlined and synthesized by means of a flowchart.
For the Indicators calculation, the most recent developments of the research have been taken into account. Some parameters, such as the range width for each indicator, and the weighting factors that multiply the indicators to obtain the Index, were suggested on the basis of previous researchs and therefore need further analyses to be validated. To assess their values, the AQI has been calculated for an urban area, assumed as case study, and it is compared with a subjective survey conducted on quite 3% of population of the area, with a homogeneous sample people (age, education, training, etc.).
The comparison between the calculations and the subjective investigation has allowed to formulate an improvement proposal of the model, to take into account the situation of residential urban areas characterised by low noise levels.
Further investigations will be helpful to confirm the obtained results and to allow the application of the methodology to residential areas with different building layout or to urban areas with activities that produce higher noise levels.
The results represent a further step towards a more general application of the methodology and also a contribution to the use of this scheme considering a wider number of aspects. For example, it could be applied for the definition of the Environmental Quality Index, by means of noise, air pollution and climatic conditions. While noise and air pollution depend directly on human activities, and can be controlled and limited, climatic conditions must be taken into account because of their influence on the outdoor comfort. The same approach could be used to evaluate urban design proposals by public administrations, by means of more general Indexes, to quantify the importance of several other factors, such as urban aspects, sustainable elements, or health population perception.
In this case, if the methodology is intended to be used by public administrations, urban planners or designers, the data collection should be simplified as much as possible, by using preferably validated provisional software models, instead of long-term measurements. The computational time of detailed models, i.e. for the noise propagation simulation, may be relevant and can represent a significant cost for a design process.
In a previous step of the research the possibility to use a simplified geometrical model for noise levels data collection was investigated to make easier and faster the calculation processes [18] .
The urban area has been chosen to proceed also in this direction: a further step of the reseach, to be developed, will consider a simplified geometrical model of the case study. It will be realised with the same criteria used previously for an urban area of a Brazilian town of the same size, but different buildings and roads characteristics. By the results comparison, the use of simplified geometrical models should be supported, to make simpler the AQI calculation, here discussed and improved.
